A suite of volcanic and volcaniclastic rocks selected from Ocean Drilling Program Leg 134 Sites 832 and 833 in the North Aoba Basin (Central New Hebrides Island Arc) has been analyzed for Sr, Nd, and Pb isotopes to investigate the temporal evolution of the arc magmatism. This arc shows two unusual features with respect to other western Pacific arcs: 1) subduction is eastdirected; and 2) a major submarine ridge, the d'Entrecasteaux Zone, has been colliding almost perpendicularly with the central part of the arc since about 3 Ma. Volcanic rocks from the upper parts of both holes, generated during the last 2 m.y., show higher δ7 Sr/ 86 Sr and significantly lower 206 Pb/ 204 Pb and 143 Nd/ Nd values compared to those volcanics erupted before the collision of this ridge, as represented by samples from the lower section of both holes, or remote from the collisional region, in the southern part of the arc. These isotopic differences in the respective mantle sources cannot be interpreted in terms of geochemical input into the mantle wedge induced by the collision itself. Rather, they require long term (>500 m.y.) enrichment processes. The enriched mantle source could be, on a regional scale, a DUPAL-type reservoir with strong similarities to the source of Indian Ocean basalts. Isotopic analyses of drilled rocks from the DEZ show that the anomalous, enriched mantle component is not derived from this feature. We currently cannot identify a source for this enriched component, but note that it also exists in Lau Basin backarc volcanics, lavas from the West Philippine Sea, and also some lavas from the Mariana-Izu-Bonin arc.
INTRODUCTION
The New Hebrides-Solomon Islands arcs are the only arcs in the western Pacific in which subduction is east-dipping. This peculiarity is thought to be due to a reversal of subduction polarity in late Miocene around 10 Ma, following collision of the thick Ontong Java Plateau with the northern end of the long Vitiaz Arc (Falvey, 1975; Barsdell et al., 1982; Auzende et al., 1988) . It is reasonable to expect that significant changes in the magmatic evolution of this region should be associated with this reversal of polarity. For example, new, eastward-directed subduction may induce magma generation from a mantle wedge that has been previously enriched by the earlier, opposite-dipping subduction regime (Barsdell et al., 1982) . Furthermore, since approximately 2 Ma, the central section of New Hebrides Island Arc (NHIA) has been in collision with a major submarine bathymetric ridge, the d'Entrecasteaux Zone, which may have commenced collision further south (around 17°S) and is sweeping northward along the trench at about 3.2^ cm/yr (Taylor et al., this volume) . Has this collision had a major effect on magmatism in the adjacent arc? This setting provides an opportunity to demonstrate strong links between the tectonic development of an intra-oceanic arc and the nature and isotopic composition of arc magmas generated.
In the NHIA, volcaniclastic sediments and interbedded volcanics and sills in the 3000m-deep, thickly sedimented North Aoba Basin drilled at Ocean Drilling Program (ODP) Sites 832 and 833 record at least the latter stages (-10 m.y.) of magmatic evolution of this arc (Fig. 1 ). This basin is in part related to, and lies immediately east of, the present site of collision of the d'Entrecasteaux Zone (DEZ) (Collot et al., 1985; Falvey and Greene, 1988; Collot, Greene, Stokking, et al., 1992) . The DEZ is a major, two-spined submarine ridge that is colliding almost perpendicularly with the central part of the NHIA, pushing up the Western Belt islands of Espiritu Santo and Malakula, with the North and South Aoba basins forming as a flexural downwarp behind these islands (Chung and Kanamori, 1978) . Seismic reflection studies (Fisher et al., this volume) have demonstrated a uniform stratification in the North Aoba Basin. Detailed petrologicalgeochemical (Hasenaka et al., this volume) and isotopic studies of extensive lavas, tephras and sills in the upper crustal section of the North Aoba Basin should allow precise documentation of arc magmatism in this region.
It has already been established that a compositional transition exists in modern NHIA arc lavas from the central to the southern part of the arc (Gorton, 1974 (Gorton, ,1977 Roca, 1978; Briqueu, 1985; Javoy et al., 1986; Eggins, 1989) . In the southern segment of the arc, away from the influence of the DEZ collision, the arc lavas are essentially low-to medium-K basalts and andesites (Marcelot, Dupuy, et al., 1983; Marcelot, Maury, and Lefèvre, 1983; Dupuy et al., 1982) . In contrast, the central part of the arc, influenced by the DEZ collision, contains dominantly medium-to high-K lavas, many transitional between tholeiitic and alkaline compositions (Briqueu et al., 1984; Girod et al., 1979; Eggins, 1993) . This geochemical transition can be precisely mapped by Sr isotope compositions (Briqueu, 1985; Javoy et al., 1986; Peate et al., 1991) (Fig. 2) . All arc volcanoes from Santa Maria to Efate show significantly higher Sr isotope ratios (0.7036-0.7043) than those of volcanoes on the southern islands of Erromango, Tanna, Anatom, . In this paper, we aim to test whether samples from the deep ODP Sites 832 and 833 in the North Aoba Basin record the hypothetical reversal of subduction polarity in this region, and to investigate how the collision of the DEZ affected the isotopic compositions of arc magmas in the central part of the NHIA. 
ANALYTICAL TECHNIQUES

Sample Preparation
Samples were washed ultrasonically using alternatively distilled water and acetone until both liquids were clear. After drying, samples were coarsely crushed, and then finely ground in a tungsten carbide mortar. To minimize the effects of seawater alteration before dissolution, powders were leached using 2N HF + 0.5N HBr mixture for 15 min in an ultrasonic bath, then again with cold 2.5N HC1 for another 15 min. These strong leaching experiments result in 55%-65% sample weight reduction.
Procedure for Pb
For Pb isotope measurements 1 g of sample was dissolved in a 13N HF + 9N HBr solution in a Teflon beaker and warmed on a hot plate for several days. Pb was separated following the anionic exchange micro-procedure of Manhès et al. (1978) . First Pb is separated from other elements on a column filled with 35 µL of resin using 0.5N HBr as an eluant. After Pb elution with 6N HC1 and evaporation to dryness, the residue is purified on a small column filled with 10 µL of resin, still in a 0.5N HBr medium. Pb was analyzed via the silica gel H 3 PO 4 method using a single Re filament.
Procedure for Sr
The chemical procedure for Sr is similar to that reported by Birck and Allegre (1978) Sr/ 86 Sr isotopic compositions than volcanoes in the southern part of the arc, far from the collision zone. The pre-and postcollision magmatism, located respectively at the bottom and the top of Holes 832B and 833B, shows this same variation in isotopic ratios. a HF-HNO3 mixture. After evaporation to dryness and treatment of the residue with 6N HC1, separation of Sr is carried out on a column filled with AG50-X12, 200-400 mesh cationic resin using 4N and 1.5N HC1 and then ammonium citrate as eluants. One hundred ng aliquots of Sr were loaded onto a W filament previously covered by a Ta activator.
Procedure for Nd
The analytical method for Nd is similar to those reported by Nakamura (1974) and Richard et al. (1976) . The 200 mg samples were dissolved in a HF-HNO 3 -HC1O 4 mixture, then evaporated to dryness and treated with 6N HC1. The major elements were eluted first, using 2N HC1 and 4N HC1 as eluants, the rare earth elements (REE) follow using 6N HC1. The REE were then loaded on to a Teflon column coated with a mixture of the organic acid HDEHP and Teflon powder as support, with 0.25N HC1 as eluant to separate Nd from Ba and other REE, especially Sm. Nd was loaded on a Ta filament as a phosphate and then measured as Nd 2+ metal by a triple filament mode (Re in the center for the ionization, and Ta side filaments for the evaporation).
Total system blanks were found to be less than 70 pg, 20 pg, and 80 pg for Sr, Nd, and Pb, respectively; blanks are in all cases insignificant. All isotopic data were measured on a five multi-collector 
RESULTS
Regional Tectonic Considerations
For Site 832 we have sampled lithostratigraphic Unit I ashes, breccias from Unit IV, and the basal calc-alkaline clasts in lithostratigraphic Unit VII. For Site 833 we sampled ashes from Units I and II, lava clasts from the volcanic breccia constituting Unit III, and sills from Unit V. All have arc magmatic affinities and have been analyzed for Sr-Nd-Pb isotopes. Sample locations in the drilled sections are shown in Figures 3 and 4 . The probably Middle Miocene calc-alkaline lava breccias drilled from the base of Hole 832B (lithostratigraphic Unit VII) have no correlates in Hole 833B and pre-date the DEZ collision (Hasenaka et al., this volume) . Volcanic breccias constituting lithostratigraphic Unit IV in Hole 832B and Unit III in Hole 833B are probably temporally correlated, although Hasenaka et al. (this volume) show that the Hole 833B Unit III clasts are low-K basalts and andesites, closer to lavas from the small backarc island Merelava than the medium-to high-K lavas of the Central Belt volcanoes bordering the North Aoba Basin and those in Hole 832B Unit IV. This widespread breccia was deposited during or after the major DEZ collision in the latest Pliocene to earliest Pleistocene, which is marked by a major angular unconformity (Fisher et al., this volume) and a biostratigraphic hiatus (Staerker, this volume Table 1 and Pb isotopic compositions are given in Table 2 . Isotopic data for selected samples from volcanic islands of the NHIAare given in Table 3 and averaged isotopic data for pre-and post-DEZ collision arc lavas, reference mantle, and sediments are given in Table 4 . These data are plotted in Figures 3 Table 3) located in the transition region from the collision-affected central section of the NHIA to the north and the unaffected southern NHIA arc volcanoes are also transitional between those from the volcanoes to the north and south.
Site 833
As for the Unit IV breccia unit in Hole 832B, Hole 833B 
Comparisons within the North Aoba Basin Sites
The Volcanic Ashes (Unit I) Pb values (<18.4) that match those of the adjacent modern arc volcanoes of Santa Maria, Ambrym, Epi, and Tongoa (Table 3, and Briqueu, 1985) . Note that the ash units in both holes show a general decrease in Is the latest Pliocene-earliest Pleistocene breccia horizon present in both holes part of the same extensive unit in the North Aoba Basin, and is it compositionally related to the earlier pre-DEZ collision magmatic activity, or to the post-collision magmatic episodes typified by the ashes and recent volcanoes in this part of the NHIA? Pb isotopic data show that these breccia horizons are isotopically very similar and compositionally intermediate between the Hole 832B Unit VII pre-DEZ collision lava breccias and the post-collision Unit I PleistoceneRecent ashes at both Sites 832 and 833; they are, however, isotopically much closer to the Unit I ashes than the pre-DEZ collision rocks. Major and trace element analyses of clasts from lithostratigraphic Unit III in Hole 833B (Hasenaka et al., this volume) showed that these low-K basalts and andesites are compositionally strikingly similar to lavas from the modern Merelava volcano, which sits astride the western rim of the Northern (Jean Charcot) Trough, a juvenile backarc bain that is rifting the northern portion of the NHIA. Until isotopic analyses are available from Merelava, we cannot test this correlation.
This breccia horizon is located stratigraphically above the main early Pleistocene angular unconformity identified in the North Aoba Basin resulting from the DEZ collision (Fisher et al., this volume; Greene et al., this volume) , and records the changing Pb isotope composition consequent upon collision of the DEZ. This in turn, reflects, a pronounced change in the mantle source for arc volcanism in this region, due to the arrival and ongoing collision of the DEZ. Rocks from the Bottom of Hole 832B (952.5-1106.5 
mbsf)
The origin of the calc-alkaline Unit VII lava breccia at the base of Hole 832B is puzzling. A lava clast from this unit has a K-Ar age of 5.66 Ma (Rex, this volume), but occurs in a sedimentary sequence that contains early (?) to middle Miocene microfossils, suggesting that the K-Ar age is too young. Rock sequences of this age on Espiritu Santo Island contain abundant coarse volcanic breccias and include common calc-alkaline lavas (Hasenaka et al., this volume) similar to those in Hole 832B (Fisher et al., this volume) , and it is therefore likely in our opinion that the K-Ar age does not record the true crystallization age, due to incipient alteration of the sample and Ar loss. If it is a middle Miocene unit, it predates the subduction polarity reversal in this region and provides new information about the isotopic composition of the pre-flip upper mantle that provided arc magmas in the east-facing NHIA. Whatever the case, the analyzed lava fragments in the Unit VII lava breccia in Hole 832B are isotopically unlike lavas from the Santa Maria volcano at the northern rim of the North Aoba Basin (Fig. 2) and also unlike lavas from Ambrym, Epi, and Tongoa volcanoes located slightly further south in the arc (Table 3 , and our unpubl. data). The hypothesis that the breccia is correlated with Miocene volcanics on Espiritu Santo Island further to the west (Fisher et al., this volume) cannot be tested, as no samples of the latter were available for isotopic analysis. However, isotopic data (Tables 1 and  2) for lava breccias and lava clasts from ODP Leg 134 Site 830, Sr values for the clasts in the Unit VII breccias are due to seawater alteration, despite the strong leaching procedure. The coherent and massive intrusive sills avoided such seawater interaction and have retained their primary Sr isotopic compositions.
DISCUSSION
The isotopic data presented above raise some interesting problems, of both local (i.e., NHIA) and global (all intra-oceanic island arcs) significance. These problems are discussed below.
Sr-Nd Relationships
In the 143 Note: Data are from Richardson et al. (1982) , Zartman and Doe (1981) , Zartman and Haines (1988) , and Dupré and Allègre (1983) . Blank = undetermined value. E.M. I = enriched mantle Type 1; DUPAL: term proposed by Hart (1984) .
oceanic arc lavas (De Paolo and Johnson, 1979; White and Patchett, 1984; Von Drach et al., 1986) . These components include (1) Nd values than the MORB array. This component may be in a pre-existing enriched or undepleted part of the mantle wedge, or may be a new component, such as pelagic sediment, recycled into the mantle wedge via subduction. Whatever the case, at least two components are necessary to modify DM towards the field for intra-oceanic arc lavas.
The NHIA lavas conform to this general pattern. Their Nd isotope ratios (~ 0.5132-0.5129) are lower than MORB, and their Sr isotope values vary significantly, from 0.7027 (base of Hole 833B) to 0.7043 (on Ambrym and Santa Maria volcanoes; Table 3 and our unpubl. data). This same variation is observed both spatially, at the scale of the entire NHIA (Briqueu, 1985; Javoyetal, 1986; Peateetal., 1991) , and temporally in Site 832 (if the Unit VII lava breccias analyzed for Sr isotopes are seawater-altered, as suggested above) and Site 833 (Figs. 3 and 4) .
The collision of the DEZ with the arc may be responsible for the enhanced radiogenic Sr in the post-collision lavas. For example, the basaltic upper part of the DEZ is strongly seawater-altered (Table 2, and Coltorti et al., this volume; Collot, Greene, Stokking, et al., 1992) , much more so, for example, than the basaltic crust of the Loyalty Basin subducting beneath the southern part of the arc that was drilled during DSDP Leg 30 (Briqueu and Lancelot, 1982) . Dehydration of this more altered and 87 Sr-rich basaltic crust beneath the central part of the arc may be one factor responsible for the more radiogenic Sr in the central arc lavas.
An alternative explanantion for the excess radiogenic Sr in the central arc volcanoes may be that DEZ collision with the small North Fiji Basin plate that supports the arc produced regional crustal-scale fracturing that allowed seawater to find more ready access to shallow magma chambers where fractionation of these magmas was occur- [Stern et al., 1991] , Luzon [Chen et al., 1990] , Lau Basin [Boespflug, 1990; Boespflug et al., 1990] , and Pacific-Atlantic MORB). The New Hebrides data plot in two distinct fields. NH1 is defined by volcanic ashes from Unit 1 at Sites 832 and 833 and by lavas from volcanoes in the central part of the arc (open symbols). NH2 is defined by drilled volcanic breccia and sill samples, and by lavas from volcanoes located well away from the collision zone in the southern part of the arc (filled symbols). B.E. represents present-day bulk earth isotopic values.
ring. This process is well documented for Santa Maria volcano, in which the Sr isotope ratio is well correlated with indices of fractionation such as Th content (Briqueu, 1985) .
A final hypothesis for radiogenic Sr enrichment in this part of the arc may be that the mantle source tapped to produce these magmas was long-term enriched in 87 Sr. This model is discussed more fully following presentation of the Pb isotopic data.
Pb-isotope Relationships
Many lavas in intra-oceanic island arcs carry a Pb isotope signature that demands a component derived from subducted pelagic sediments (Sun, 1980; White and Dupre, 1986; Ben Othman et al., 1989) , and even a very small amount of pelagic sediment can strongly affect the Pb isotope composition of island arc lavas derived from a source dominated by depleted mantle. Lava suites for which pelagic sediment contamination of the source has occurred usually show compositional fields on 207 Pb/ 204 Pb diagrams that extend from the MORB array towards the field for pelagic sediments.
Our Pb data (Figs. 6 and 7) show that the older, pre-DEZ collision lavas and breccias drilled in the two North Aoba Basin sites are compositionally very close to the lavas from volcanoes in the southern part of the arc, remote from the DEZ collision. Both groups are interpreted to be derived from the ubiquitous, regional depleted sub-oceanic mantle with a small amount of contamination by pelagic sediment. However, a similar source cannot be ascribed to the post-DEZ collision volcanism in the central part of the arc. Lavas from volcanoes in this region and from the younger sections of Holes 832B and 833B show profoundly different .1) compared with the older drilled lavas and those from the southern New Hebrides Arc volcanoes (18.7-18.9) , and they also extend to more radiogenic 208 Pb/ 204 Pb ratios. (Figs. 6) . The dominant upper mantle source of these magmas could not have been the depleted sub-oceanic mantle source (DM) of the older lava breccias in Hole 832B and the sills at the base of Hole 833B, and the southern arc volcanoes. (Table 2 ) and some representative modern lavas from New Hebrides Island Arc volcanoes (Table 3) . For the Nd-Sr data for the New Hebrides Island Arc rocks, the Pb-Pb data plot in two distinct fields.
In summary, compared to the pre-collision magmas that are derived from a "normal" pelagic sediment-contaminated DM source, the more recent lavas and ashes have notably lower 206 Sr values. These are signatures inherited from an "abnormal" mantle source. Lava breccias in Unit IV in Hole 832B and Unit III in Hole 833B, temporally located between these two isotopic suites, are also isotopically intermediate between these two extremes. No part of the subducting oceanic crust in this region, including the DEZ, and the Loyalty Basin oceanic crust (Briqueu and Lancelot, 1982) Sr-enriched mantle source of the post-collision lavas, the source of which must therefore be located within the over-riding plate.
Nature of the Enriched Mantle Source
Several alternative explanations may be proposed for the origin of the isotopically enriched abnormal source of the post-collisional volcanics in the central NHIA.
Recently Recycled Crustal Materials
As noted above, the low Loyalty Basin oceanic crust. Furthermore, the post-Miocene collision of the DEZ with the NHIA is too young for it to have generated, via metasomatic processes and subsequent radioactive decay of U and Th, the isotopic characteristics of the post-collision basalts. The isotopic signature of the abnormal mantle source is clearly much older than the time of collision of the DEZ, and our calculations using the DM growth curve (Zartman and Doe, 1981; Zartman and Haines, 1988) show that at least 500 m.y. of mantle differentiation are necessary to produce the observed Pb isotope characteristics.
Continental Crust
Although crustal melting has been invoked for the genesis of felsic lavas elsewhere in the NHIA (Efate Island; Coulon et al., 1979) , this hypothesis is not applicable to the postcollision lavas from the central part of the arc. There are no known old continental crustal blocks on the subducting plate, and given the identical 87 Sr/ 86 Sr values for the Efate felsic lavas and associated basalts (0.7041), it is possible that the felsic rocks were produced by melting of similar basalts at the base of the crust.
Anomalous Enriched Upper Mantle
The isotopic features of the postcollision basalts are similar in many respects to those of the Indian Ocean upper mantle (Dupre and Allegre, 1983; Hamelin and Allegre, 1985) , being somewhat enriched in radiogenic Sr and Pb compared to typical Atlantic and Pacific MORB and suboceanic upper mantle. Hart (1984) showed that a band of anomalously enriched mantle (termed DUPAL) circles the globe in the Southern Hemisphere mid-latitudes and suggested that evidence for DUPAL mantle might be found in arc and backarc basins lavas of island arc systems in this region. We believe that the isotopic data for the post-collisional lavas from the central New Hebrides Island Arc reflect the involvement of an Indian Ocean-type mantle component, and we note that isotopic evidence for the the involvement of this same mantle source has been found in Philippine Sea crust and adjacent Mariana-Izu-Bonin arc volcanic rocks (Mukasa et al., 1987; Hochstaedter et al., 1990 ) and in Lau back-arc basin crust (Loock et al., 1991) .
Location of the Enriched Source
Seismologic sections of the NHIA at several locations along the arc (Pascal et al., 1978; Goula and Pascal, 1979; Louat et al., 1988) show that in the southern part of the arc, where only "normal" mantle is contributing to the arc magmatism, the subducted slab is continuous and the top of the slab is only -130 km below the arc volcanic islands of Tanna and Anatom (Louat et al., 1988) and 80 km below Matthew island (Monzier et al., unpubl. data) . Below these islands, the leading edge of the subducted slab may lie around 180 km depth. Further north, the length of the subducted slab increases sharply, and seismic events at depths as great as 350 km are recorded (Louat et al., 1988) . In contrast to the relatively simple southern section of the NHIA, in the central part of the NHIA slab configuration is more complex. Louat et al. (1988) suggested, on the basis of earthquake foci in the central NHIA, that the subducted slab may be broken and have a seismic gap from -50-150 km depth. Prevot et al. (1991) suggest that this seismic gap represents a thermal anomaly of some 750°C, which alters the physical properties of the subducted slab beneath this region. In this region, the top of the slab is about 150-200 km beneath the arc volcanoes.
Arc magmas forming the islands of Tanna and Erromango in the southern part of the NHIA are mainly low-to medium-K arc basalts, although high-K basalts are recorded (Dupuy et al., 1982; Eggins, 1989; Monzier et al., unpubl. data) , and our data show these to be isotopically strikingly similar to those erupted pre-DEZ collision in the central NHIA. Pre-DEZ collision Mio-Pliocene lavas on Pentecost and Maewo islands (our unpublished data), correlated lavas dredged from the northwest slope of Pentecost (D24: Johnson et al., 1988) , and the basal lava breccias and sills in Holes 832B and 833B are also medium-K arc basalts with subordinate but distinct high-K basalts (e.g., the Hole 833B sills).
An important observation from the wholerock major and trace element geochemical data presented in Hasenaka et al. (this volume Pb isotopic signature is not simply correlated with alkalinity of the magma type, which relates more or less to depth of magma segregation from source peridotite. A hypothesis of a two-layered mantle, with an upper normal sub-arc oceanic-type upper mantle and a lower anomalous enriched upper mantle would seem to be precluded by the normal isotopic values for the relatively deep-derived Pliocene sills in Hole 83 3B.
As noted above, 
CONCLUSIONS
Prior to the collision of the DEZ, arc magmatism along the New Hebrides Island Arc was typical of intra-oceanic arcs, with a dominant depleted suboceanic upper mantle (DM) being contaminated by components from the subducted slab. Both relatively HFSE-and LILEenriched transitional alkaline arc basalts and more typical low-to medium-K arc basalts occur in most volcanoes along the arc from its southern end to the DEZ collision zone, and the former occur as Pliocene-age sills in Hole 83 3B. The Sr-Nd-Pb isotopic compositions of these lavas, whether of high- Sr (0.7040-0.7045) are probably sea-water altered and were probably derived from the same ambient subarc oceanic depleted mantle.
A major change in the isotopic composition of erupted lavas occurred as a result of DEZ collision, which in this part of the arc probaby occurred between 2 and 1. anomalously-enriched mantle source involved in the post-DEZ collision magma genesis cannot have been produced from DM by recent subduction-contamination, nor is it related to components derived from the subducting oceanic plate, including the DEZ. Rather, it is characterized by an ancient enrichment (>500 Ma) and is isotopically very similar to Indian Ocean-type anomalous suboceanic mantle. We have no explanation for the source of this anomalous upper mantle component, though we note that it is unambiguously related to the collision of the central part of the NHIA with the DEZ.
